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BACKGROUND: The damaging effects of exposure to environmental toxicants differentially affect genetically distinct individuals, but the mechanisms
contributing to these differences are poorly understood. Genetic variation affects the establishment of the gene regulatory landscape and thus gene
expression, and we hypothesized that this contributes to the observed heterogeneity in individual responses to exogenous cellular insults.
OBJECTIVES: We performed an in vivo study of how genetic variation and chromatin organization may dictate susceptibility to DNA damage, and
influence the cellular response to such damage, caused by an environmental toxicant.
MATERIALS AND METHODS: We measured DNA damage, messenger RNA (mRNA) and microRNA (miRNA) expression, and genome-wide chroma-
tin accessibility in lung tissue from two genetically divergent inbred mouse strains, C57BL/6J and CAST/EiJ, both in unexposed mice and in mice
exposed to a model DNA-damaging chemical, 1,3-butadiene.
RESULTS: Our results showed that unexposed CAST/EiJ and C57BL/6J mice have very different chromatin organization and transcription profiles in
the lung. Importantly, in unexposed CAST/EiJ mice, which acquired relatively less 1,3-butadiene-induced DNA damage, we observed increased tran-
scription and a more accessible chromatin landscape around genes involved in detoxification pathways. Upon chemical exposure, chromatin was sig-
nificantly remodeled in the lung of C57BL/6J mice, a strain that acquired higher levels of 1,3-butadiene–induced DNA damage, around the same
genes, ultimately resembling the molecular profile of CAST/EiJ.

CONCLUSIONS: These results suggest that strain-specific changes in chromatin and transcription in response to chemical exposure lead to a “compensa-
tion” for underlying genetic-driven interindividual differences in the baseline chromatin and transcriptional state. This work represents an example of
how chemical and environmental exposures can be evaluated to better understand gene-by-environment interactions, and it demonstrates the important
role of chromatin response in transcriptomic changes and, potentially, in deleterious effects of exposure. https://doi.org/10.1289/EHP1937

Introduction
Inter-individual genetic variation can have profound impacts on
the metabolism of pharmaceutical drugs and environmental toxi-
cants (Ma and Lu 2011; Pierce et al. 2012). The molecular conse-
quences of chemical exposure can therefore also vary across
individuals and populations and may be attributable to variation in
the expression of key metabolic genes, in the immune response,

and in the DNA damage response pathway. Emerging evidence
also suggests that chemical-induced effects may be transmitted
transgenerationally through epigenetic means (Nadeau 2009). Yet,
the underlying mechanisms for how genetics, metabolism, gene
expression, and gene regulation combinatorially dictate the response
to chemical exposure both within and across individuals is poorly
understood.

One such genotoxic chemical with variable damaging effects
in genetically diverse individuals is 1,3-butadiene. 1,3-Butadiene
is an industrial chemical that is primarily used in the production
of synthetic rubbers and polymers (White 2007); it is a ubiquitous
environmental pollutant, is present in both automobile exhaust
and cigarette smoke, and is classified as carcinogenic to humans
by the World Health Organization/International Association for
Research on Cancer (WHO/IARC) (Baan et al. 2009). There
have been four studies on the carcinogenicity of 1,3-butadiene ex-
posure by inhalation in mice, all conducted in the same F1 hybrid
mouse strain, B6C3F1 (IARC 2008). These studies showed that
1,3-butadiene induced tumors in multiple organs in this strain at
exposure concentrations ranging from 6:25 to 1,250 ppm and dura-
tions of exposure from 13 to 60 wk. Similar systematic carcinoge-
nicity studies have not been performed in other mouse strains.

The carcinogenicity of 1,3-butadiene is mediated through the
creation of highly reactive epoxide intermediates formed during
1,3-butadiene metabolism, which damage DNA through the for-
mation of DNA adducts (Goggin et al. 2009; Swenberg et al.
2000a, 2000b). These DNA-reactive epoxide intermediates are
initially processed through phase I metabolism (bioactivation) by
cytochrome P450 oxidases and later conjugated and excreted
through phase II metabolism (detoxification) by broad-specificity
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enzymes including glutathione S-transferases (Csanády et al.
1992).

In addition to DNA damage, 1,3-butadiene also causes altera-
tions in gene expression, bulk DNA methylation, and bulk histone
modifications in mouse lung and liver tissues, but not in kidney
(Chappell et al. 2014; Koturbash et al. 2011b). Interestingly, these
1,3-butadiene–induced effects were found to vary across genetically
divergent inbred mouse strains (Koturbash et al. 2011a). In particu-
lar, C57BL/6J (aMus musculus domesticus subspecies and a classic
laboratory strain) exhibited high levels of DNA adduct formation
and changes in bulk histone modifications, whereas CAST/EiJ (a M.
musculus castaneus subspecies and a wild-derived strain) exhibited
relatively low levels of DNA adduct formation and bulk histone mod-
ifications. Because changes in adduct formation and bulk histone
modifications do not specify which loci in the genome are affected,
the mechanism behind these strain-specific differences is unknown.

Here, we sought to understand how genetic divergence influen-
ces the response to and consequences of chemical exposure. We
therefore studied CAST/EiJ and C57BL/6J strain-specific differen-
ces in DNA adduct formation, messenger RNA (mRNA) expres-
sion, microRNA (miRNA) expression, and chromatin accessibility
in lung tissue from mice exposed through inhalation to 1,3-
butadiene.

Materials and Methods

Animals and 1,3-Butadiene Exposure
Male C57BL/6J and CAST/EiJ mice (Jackson Laboratory),
approximately 10 wk old at time of exposure, were housed in
sterilized cages in a temperature-controlled (24�C) room with a
12=12-h light/dark cycle and were given ad libitum access to
purified water and NIH-31 pelleted diet (Purina Mills). After
2 wk of acclimation, the mice (9–13 wk of age) were randomly
allocated to a control group exposed to clean air or to an experi-
mental group exposed to 1,3-butadiene for 6 h a day, Monday–
Friday, across a 2-wk period (and returned to their respective
cages following each exposure). Immediately following the final
exposure, mice were euthanized by exsanguination following
deep nembutal (100 mg=kg intraperitoneal injection) anesthesia,
and lungs were excised and snap-frozen immediately in liquid
nitrogen and stored at −80�C for subsequent analyses. The ani-
mals were treated humanely and with regard for alleviation of
suffering, and all procedures were approved by the Institutional
Animal Care and Use Committee at the University of North
Carolina at Chapel Hill.

The concentration of 1,3-butadiene in the exposure chamber
was monitored twice a day: an hour after the beginning and an
hour before the end of each exposure. An air sample was taken
from the chamber and analyzed with a CP-3800 (Varian Inc.) gas
chromatograph using a 10-mL gas sample loop injector and a
flame ionization detector, with a separation column to isolate the
1,3-butadiene from the air for integration of the response. Over
the duration of the experiment, the average concentration of 1,3-
butadiene in the exposure chamber was 593±61 ppm (see
Figure S1). This concentration is within the range of concentra-
tions that have been reported to cause tumors in the lung
(among other tissues) of 1,3-butadiene–exposed B6C3F1 mice
in chronic inhalation studies (6:25–1,250 ppm) (IARC 2008;
Melnick and Sills 2001). Further, 1,3-butadiene has been shown
to have a supralinear exposure–response curve in mice exposed
to 1,3-butadiene at levels between 0 and 625 ppm (Melnick and
Sills 2001), confirming that 593 ppm is a concentration that is
expected to cause tumorigenesis and is therefore applicable for
the study of potential mechanisms of 1,3-butadiene–induced
tumorigenicity.

Determination ofN7-Guanine Adduct Formation
Genomic DNA was isolated from flash-frozen mouse lung tissues
using a Qiagen DNeasy Blood & Tissue Kit (Qiagen) according
to the manufacturer’s instructions. Measurement of N-7-(2,3,4-
trihydroxybut-1-yl)-guanine (THB-Gua) was performed using
liquid chromatography/positive ion electrospray ionization/tan-
dem mass spectrometry (LC=ESI+MS=MS) as described by
Goggin et al. (2009), with minor modifications.

Small RNA and mRNA Sequencing and Data Processing
Total RNA was isolated from flash-frozen tissues using a Qiagen
miRNeasy Kit according to the manufacturer’s protocol. RNA
purity and integrity were evaluated using a Thermo Scientific
Nanodrop 2000 and an Agilent 2100 Bioanalyzer, respectively. A
minimum RNA integrity value of 7.0 was required for RNA sam-
ples to be used for library preparation and sequencing. Small
RNA libraries were generated using an Illumina TruSeq Small
RNA Sample Preparation Kit. Single-end (50 bp) sequencing was
performed (Illumina HiSeq 2500; see Excel Table S1). miRNAs
were annotated and quantified using a bioinformatics analysis
pipeline as described by Baran-Gale et al. (2013). Briefly, small
RNA-seq reads were trimmed using cutAdapt to remove rem-
nants of the 30-adaptor sequence. A minimum of a 10-base over-
lap and a maximum of one base mismatch were allowed in the
adapter sequence, and any reads separated by 65 nucleotides (nt)
or fewer were merged. We utilized a tiered mapping approach
that first determined exact match reads to the appropriate reference
genomes [C57BL/6J: NCBI Build 37; CAST/EiJ: Build 37 pseu-
dogenome (http://csbio.unc.edu/CCstatus/index.py?run=Pseudo)]
using Bowtie (Langmead et al. 2009). The remaining sequences
were aligned to regions with exact match reads allowing a maxi-
mum of one mismatch in the body or up to three mismatches at
the 30-end of the read (depending on the length of the read) using
SHRimP2 (David et al. 2011).

Libraries for total RNA sequencing (RNA-seq) were prepared
using the Illumina TruSeq Total RNA Sample Prep Kit (Illumina,
Inc.) with ribosomal depletion. Paired-end (50 bp) sequencing
was performed (Illumina HiSeq 2500; see Excel Table S1).
Reads were quality-filtered (score of ≥20 in at least 90% of nu-
cleotides), adapters removed, and aligned to appropriate reference
genomes [C57BL/6: NCBI Build 37; CAST/EiJ: Build 37 pseudo-
genome (http://csbio.unc.edu/CCstatus/index.py?run=Pseudo)] using
GSNAP software (Wu and Nacu 2010) and RefSeq splice site
annotations. “Mod” files included with the CAST/EiJ pseudoge-
nome that detail the basepair transformations were used to create
the CAST/EiJ pseuodgenome from the C57BL/6J reference ge-
nome. RefSeq gene annotations were created for the CAST/EiJ
genome by mapping C57BL/6J RefSeq annotations to the pseu-
dogenome using a reversed mod file created from the mod file
available for the pseudogenome. Certain types of genomic
regions are known to induce artefactual signal caused by experi-
mental or technical biases; thus, it has been suggested that these
regions bemasked or ignored (Carroll et al. 2014).Mouse blacklists
were therefore created in a fashion consistent with ENCyclopedia
Of DNA Elements (ENCODE) (ENCODE Project Consortium
2012) for the human genome, including problematic satellite repeti-
tive elements (CENSAT, GSAT, MurSAT, and SYNREP, as
defined by RepeatMasker), regions with sequence homology to mi-
tochondrial DNA (NumtS), rRNA, and regions on the X chomo-
some (chrX) with strong sequence homology to the Y chromosome
(chrY). A CAST/EiJ pseudogenome blacklist file was generated in
the same way after generating RepeatMasker annotations and using
BLAT to get the sequence homology pieces (NumtS, chrX/Y).
Postalignment quantification of reads per kilobase million (RPKM)
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values was conducted using an in-house script with RefSeq gene
annotations.

Assay for Transposase Accessible Chromatin (ATAC)
Sequencing and Data Processing
Flash-frozen tissue was pulverized in liquid nitrogen using a
BioPulverizer (BioSpec). This mechanical process breaks open
the cells and allows even exposure of intact chromatin to transpo-
sase. Pulverized material was thawed in glycerol containing nu-
clear isolation buffer to stabilize nuclear structure (Masuda et al.
1991) and then filtered through Miracloth (Calbiochem) to
remove large tissue debris. Nuclei were washed and directly used
for treatment with Tn5 transposase. Single-end (50 bp) sequenc-
ing was performed (Illumina HiSeq 2500; see Excel Table S1).
Reads were quality-filtered (requiring a quality score ≥20 in at
least 90% of nucleotides), adapters removed, and aligned with
GSNAP software (Wu and Nacu 2010; Zhang et al. 2012) to the
appropriate reference genome. Postalignment blacklist filtering
was performed as described for RNA-seq reads. Using the mod
files described above, genomic coordinates for aligned ATAC-seq
reads from CAST/EiJ samples were converted to the C57BL/6J
mm9 reference genome coordinates, which enabled direct compar-
ison of ATAC-seq data.

mRNA, miRNA, and Chromatin Accessibility Differential
Analyses
Differentially expressed mRNAs and miRNAs were identified
using the package DESeq2 v. 1.8.2 (Love et al. 2014) in R (ver-
sion 3.2.3; R Development Core Team) with betaPrior set to
“false.” For miRNAs, a minimum threshold of 10 reads in at least
five mice from one strain was required.

For accessible regions, the union set of the top 50,000 peaks,
as determined by F-seq (Boyle et al. 2008), from all samples was
identified. The number of mapped reads within 300-bp overlap-
ping windows (peaks smaller than 300 bp were expanded to
300 bp) within peaks was computed for each sample (323,243
windows). Differential chromatin accessibility was detected using
the R package csaw v. 1.2.1 (Lun and Smyth 2016), which uses
methods from the edgeR package (Robinson et al. 2010).
Normalization factors were computed to correct for composi-
tional bias between samples with the windowCounts function
(with width= 10,000) and the normOffsets function with default
parameters. The function estimateDisp was used to estimate the
dispersion, and a generalized linear model was fit using glmQLFit
with robust=TRUE. Following each test, significant neighboring
windows [false discovery rate ðFDRÞ< 10%, overlap<250 bp]
were merged.

Identification of miRNA Regulatory Hubs
Candidate master miRNA regulators of mRNA expression among
the 1,3-butadiene-altered genes were identified using miRhub as
previously described (Baran-Gale et al. 2013), using the “nonnet-
work” mode and requiring a predicted target site to be conserved
only in the mouse. The miRhub algorithm uses a Monte Carlo
simulation to determine if the predicted regulatory effect of each
miRNA on a set of differentially expressed genes is significantly
greater than what is expected by chance. Seed-based target pre-
dictions were used [genes and corresponding 30-untranslated
region (UTR) sequences were downloaded from http://www.
targetscan.org (Lewis et al. 2005)], and each predicted miRNA–
gene interaction was scored based on the strength of the seed
match, the level of conservation of the target site, and the cluster-
ing of target sites within the 30-UTR of the target gene. The set of
differentially expressed genes used for the analysis consisted of

those genes that were significantly differentially expressed
(FDR< 10%) in 1,3-butadiene-treated mice relative to control
mice, as determined by DESeq2.

Pathway Enrichment Analysis
Significant enrichment of biological pathways associated with
mRNA and chromatin accessibility differences was determined
using GSAASeqSP v. 1.2 (http://gsaa.unc.edu) (Xiong et al.
2012; Q Xiong et al. 2014) and the Reactome Pathway Database
(Croft et al. 2014; Baderlab.org; updated 24 July 2015; Merico et
al. 2010). The number of permutations was set to 2,000.
Pathways with fewer than 15 genes or more than 500 genes were
not included. For RNA-seq data, genes were ranked according to
the significance of differential expression between groups. For
ATAC-seq data, genomic regulatory regions were associated
with genes using GREAT v. 3.0.0 (McLean et al. 2010), which
were then ranked according to the significance of differential
chromatin accessibility. These ranked gene lists and their associ-
ated weights {[ð1–FDRÞ× logFC�=absðlogFCÞ, where FDR rep-
resents the FDR value for each gene, FC represents the fold
change, and log is the natural log} were used as input to
GSAASeqSP. To visualize significantly enriched reactome path-
ways (FDR< 10%) for the RNA-seq data, “makeDendrogram.
py” (pyEnrichment: https://github.com/ofedrigo/pyEnrichment)
and custom in-house R scripts were used to construct bubble
plots using multidimensional scaling to calculate an optimal two-
dimensional (2D) arrangement of pathways based on a distance
matrix of between-pathway semantic scores. For each pathway,
significance is represented by color, and occupancy (number of
genes in the pathway) is represented by the size of the bubble.
For all other enrichment analyses, significantly enriched path-
ways were determined using the runGSAhyper function of the R
package Piano v. 1.10.2 (Väremo et al. 2013) along with the
Reactome Pathway Database.

Motif Analysis
Enriched motifs in regions with significant differential chromatin
accessibility (FDR< 10%) were identified using DREME (Bailey
2011) against a background set of all accessible regions.
Significant hits (E<0:05, where E represents a Bonferroni-
corrected motif p-value) were selected, and these motifs were anno-
tated using Tomtom (Gupta et al. 2007) and the HOCOMOCO v.
10 database (http://hocomoco11.autosome.ru/) (Kulakovskiy et al.
2016). Proximal regions [<5 kb to the nearest transcription start site
(TSS)] were analyzed separately from distal regions.

Results

Experimental Design
To compare transcriptional activity and chromatin accessibility
between strains with or without 1,3-butadiene exposure (see
“Methods”), we performed RNA-seq, small RNA-seq, and an
assay for transposase-accessible chromatin (ATAC-seq) on lung
tissue samples from two mouse strains, C57BL/6J [five control
(i.e., exposed to filtered air in a chamber) and six 1,3-butadiene–
exposedmice) andCAST/EiJ (seven control and six 1,3-butadiene–
exposed mice). To confirm that the inhalational exposure system
functioned as intended, we also quantified DNA adduct formation
in the lungs of each strain following chemical exposure using liquid
chromatography/positive ion electrospray ionization/tandem mass
spectrometry (LC=ESI+MS=MS).
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Strain-Specific DNA Damage Response to 1,3-Butadiene
Exposure
Variation in 1,3-butadiene–induced DNA damage in the liver has
been demonstrated between mouse strains, with higher levels of
the DNA adduct N-7-(2,3,4-trihydroxybut-1-yl)-guanine (THB-
Gua) in the liver of exposed C57BL/6J mice than in exposed
CAST/EiJ mice (Koturbash et al. 2011a). To test whether the
lung exhibited a similar trend, we measured levels of THB-Gua
in lung samples and found that adduct levels were also higher in
the lung of exposed C57BL/6J mice than in exposed CAST/EiJ
mice (Table 1).

Strain-Specific Baseline Gene Expression and Gene
Regulation
To investigate the differential response to 1,3-butadiene expo-
sure, we first compared mRNA expression (RNA-seq) in lung tis-
sue from CAST/EiJ and C57BL/6J control mice, which were
exposed to clean air, to determine whether there was variation in
baseline molecular states that may have contributed to their
response. We detected 10,250 genes that were differentially
expressed between the two strains (FDR< 10%), with 5,253 genes
more highly expressed in CAST/EiJ and 4,997 genes more highly
expressed in C57BL/6J (see Figure S2, Excel Table S2). To
explore whether strain-specific differences in baseline gene expres-
sion profiles reflected changes in higher-level functional classes
of genes, we performed pathway enrichment analysis using
GSAASeqSP (Q Xiong et al. 2014) and the Reactome Pathway
Database (Croft et al. 2014) (see Excel Table S3). We displayed the
significantly altered pathways as a bubble plot, using a combination
of distance measures and multidimensional scaling (Figure 1A, see
“Methods”). Interestingly, phase II detoxification pathways (e.g.,
phase II conjugation) and DNA damage response pathways (e.g.,
p53-independent DNA damage response) were significantly
enriched in genes more highly expressed in CAST/EiJ, whereas
immune-related pathways [e.g., interferon (cytokine) signaling]
were significantly enriched in genes more highly expressed in
C57BL/6J (Figure 1A; see also Excel Table S3).

Given the striking contrast between baseline CAST/EiJ and
C57BL/6J gene expression in the lung, we further investigated
whether miRNAs were likewise significantly different between
strains. We detected 63 miRNAs that were more highly expressed
in CAST/EiJ and 59 miRNAs that were more highly expressed in
C57BL/6J (FDR< 10%; Figure 1B; see also Excel Table S4). We
then used miRHub (Baran-Gale et al. 2013) to determine whether
any of these differentially expressed miRNAs were candidate mas-
ter regulators or “regulatory hubs” of protein-coding genes that
were differentially expressed between strains. Of the miRNAs that
were more highly expressed in CAST/EiJ, we identified miR-210,
miR-708, miR-3096-5p, and members of the miR-449a/c-5p family
as regulatory hubs. In contrast, of the miRNAs that were more highly

expressed in C57BL/6J, we identified miR-142-5p, miR-1264-3p,
miR-350, and miR34b-5p as regulatory hubs. The up-regulation of
miR-142-5p was particularly interesting because this miRNA is asso-
ciated with a proinflammatory state and is critical to the pathogenesis
of macrophage-mediated fibrosis in the lung (Su et al. 2015).

Next, we used ATAC-seq to investigate whether there was a
similar modulation of chromatin accessibility. We observed dra-
matic strain-specific differences in the underlying chromatin
landscape between CAST/EiJ and C57BL/6J. We identified
18,197 genomic regions with differential chromatin accessibility
between strains (FDR< 10%; see Excel Table S5), hereafter
referred to as differentially accessible regions (DARs). Of these
DARs, 8,365 exhibited greater accessibility in CAST/EiJ, whereas
9,832 exhibited greater accessibility in C57BL/6J (Figure 1C). For
example, the Exo1 locus, which plays a critical role in the DNA
damage response (Schaetzlein et al. 2007; Wei et al. 2003), con-
tained a DAR with greater accessibility in CAST/EiJ (Figure 1D)
and was associated with significantly increased expression in
CAST/EiJ (see Excel Table S2). In contrast, a DAR in the Rbck1
locus, which encodes a protein with E3 ubiquitin ligase activity that
is important in the activation of NF-jB proinflammatory signaling
(Tian et al. 2007), exhibited greater accessibility in C57BL/6J
(Figure 1D) and increased expression in C57BL/6J (see Excel Table
S2).

As a consequence of the large number of DARs between
strains, our pathway analysis identified few significantly enriched
pathways in either strain at FDR< 10% (see Excel Table S6).
However, we did identify genes in interferon signaling as signifi-
cantly enriched for regions more accessible in C57BL/6J relative
to CAST/EiJ. We note that corresponding enrichment for this
pathway was also found in the same direction based on differen-
tial gene expression (see Excel Table S3), providing evidence
that interstrain differences in this immune system pathway were
regulated at the chromatin level.

To identify transcription factors that may contribute to base-
line expression differences between strains, we tested for enrich-
ment of known transcription factor motifs separately in DARs
either proximal (<5 kb) or distal to gene transcription start sites
(see Figure S3). For DARs with increased accessibility in CAST/
EiJ, we found significant enrichment of motifs for Hmga and
Zfhx3, though interestingly, these factors were significantly up-
regulated in C57BL/6J (see Excel Table S2). For DARs with
greater accessibility in C57BL/6J, we found significant enrich-
ment of motifs for Ets family, Sox family, and Sp1 (Specificity
protein 1), with significantly higher expression of Ets1, several
Sox genes, and Sp1 in C57BL/6J (see Excel Table S2). The ubiq-
uitously expressed Sp1 has previously been linked to response to
genotoxic chemicals (Boehme et al. 2011; Hsu et al. 2013;
Magkoufopoulou et al. 2012) and is involved in the regulation of
genes involved in many cellular processes, including cell prolif-
eration, differentiation, and apoptosis, acting as both an activator
and a repressor (Li and Davie 2010), perhaps through recruitment
of acetyltransferases and deacetylases.

Collectively, these results demonstrate that at baseline, the
molecular state in the lung was significantly different between
CAST/EiJ and C57BL/6J mice in both gene expression and gene
regulation. Further, these differences indicate there is variable ac-
tivity in pathways that are critical for response to environmental
toxicants and further suggest that baseline differences contribute
to differences in susceptibility to DNA damage.

Effects of 1,3-Butadiene on Transcriptional Response and
Chromatin in CAST/EiJ Mice
To evaluate strain-specific responses to 1,3-butadiene, we first
assessed the effects of exposure on the lung transcriptome in

Table 1. Average level of N-7-(2,3,4-trihydroxybut-1-yl)-guanine (THB-
Gua) adducts in the lung of mice exposed to either clean air or 1,3-butadiene
(593 ppm) for 10 days.

Strain Treatment
Number of
lung samples

Adducts=106

nucleotides

C57BL/6J Control (clean air) 5 0:30± 0:18
1,3-butadiene 3 9:60± 1:07*,†

CAST/EiJ Control (clean air) 4 0:05± 0:12
1,3-butadiene 6 5:09± 1:72*,†

Note: Adduct levels are represented by average ± standard deviation.
*Indicates a significant difference (p<0:05) between the exposed and the control mice
of the same strain.
†Indicates a significant difference (p<0:05) between the exposed mice from each strain
[based on one-way analysis of variance (ANOVA) with Tukey’s post hoc test].
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CAST/EiJ mice, in which less DNA damage was observed than
in C57BL/6J mice (Table 1), and we found that 1,3-butadiene
induced relatively subtle changes, with only 113 genes up-
regulated and 265 genes down-regulated (FDR< 10%) (Figure
S4; see also Excel Table S2). Pathway enrichment analysis indi-
cated the up-regulation of seven pathways (FDR< 10%), the
most significant of which was glutathione conjugation, a critical

phase II metabolic pathway for the detoxification of exogenous
xenobiotics such as 1,3-butadiene (Board and Menon 2013) (Figure
2; see also Excel Table S7). Down-regulated genes were enriched
for a diverse set of pathways including those related to energy me-
tabolism, hemostasis, and phase I metabolism (Figure 2; see also
Excel Table S7). miRNA expression in CAST/EiJ mice was also
largely unaffected by exposure, with only 10 miRNAs differentially

Figure 1. Strain-specific transcriptome dynamics, microRNA (miRNA) profiles, and chromatin accessibility in the mouse lung without exposure to 1,3-butadiene.
(A) Bubble plot showing enriched reactome pathways for differentially expressed genes more highly expressed in CAST/EiJ control mice compared with those
more highly expressed in C57BL/6J control mice. For each pathway, significance is represented by shading, and the number of genes in each pathway is repre-
sented by bubble size. For clarity, groups of related pathways are labeled with a general descriptive term as opposed to individual pathway names. A false discov-
ery rate ðFDRÞ of < 10% was used to determine significance, but owing to the number of significant pathways, only the top 105 pathways in either direction are
shown (see Excel Table S3 for a complete list). (B) Average expression of miRNAs in CAST/EiJ control (x-axis) compared with C57BL/6J control (y-axis).
Expression values are based on normalized counts (NC). (C) Differentially accessible regions (DARs) identified using assay for transposase accessible chromatin
(ATAC)-seq (FDR< 10%, 300 bp windows) exhibit distinct profiles in CAST/EiJ and C57BL/6J. Hierarchical clustering of samples is represented by a dendro-
gram. (D) Representative loci for DARs (asterisks) between CAST/EiJ control and C57BL/6J control.
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expressed in exposed versus control mice (FDR< 10%; see Excel
Table S4). No miRNA regulatory hubs were detected. Further, 1,3-
butadiene exposure had no significant effect on the chromatin land-
scape, resulting in no detected differentially accessible regions.
Together, these findings show that the transcriptional response of
CAST/EiJ mice to 1,3-butadiene exposure is intertwined with
detoxification of the chemical, as indicated by the substantial shift
from phase I bioactivation to phase II detoxification pathways. The
lack of chromatin and miRNA changes indicates that baseline gene
regulatory programs in the CAST/EiJ strain are poised to mount a
robust response to efficiently detoxify chemicals such as 1,3-
butadiene.

Effect of 1,3-Butadiene on Transcriptional Responses and
Chromatin in C57BL/6J Mice
In contrast to the minimal response in CAST/EiJ mice, 1,3-buta-
diene exposure led to substantial changes in the lung of C57BL/

6J mice, with 1,954 genes up-regulated and 2,162 genes down-
regulated (FDR< 10%; Figure S5; see also Excel Table S2). Up-
regulated genes were significantly enriched in 266 pathways
including DNA synthesis and replication, DNA damage response,
and phase II detoxification pathways, including glutathione con-
jugation (Figure 3A; Excel Table S8). Down-regulated genes
were enriched in 46 pathways, many related to immune signaling
(e.g., interferon signaling, T-cell receptor signaling, and cytokine
signaling in the immune system). miRNA expression was also
significantly altered in C57BL/6J mice following 1,3-butadiene
exposure, with 109 miRNAs differentially expressed between
control and exposed groups (FDR< 10%; see also Excel Table
S4). Using miRhub, we identified miR-326-3p, up-regulated in
response to exposure, as a significant regulatory hub (Figure 3B;
FDR< 10%). miR-326-3p is an important regulator of cell prolif-
eration and migration in lung cancer (Wang et al. 2016); it also
promotes differentiation of interleukin 17–producing T helper
cells (Du et al. 2009). We also identified miR-150-5p, down-

Figure 1. (Continued.)

Figure 2. Enriched reactome pathways for differentially expressed genes in lung tissue of 1,3-butadiene-exposed versus control CAST/EiJ mice. Bubble plot
showing enriched reactome pathways for differentially expressed genes up-regulated in CAST/EiJ control or up-regulated in CAST/EiJ exposed to 1,3-butadi-
ene (BD) at a false discovery rate ðFDRÞ of < 10%. For each pathway, significance is represented by shading of the bubble, and the number of genes in each
pathway is represented by bubble size. For clarity, groups of related pathways are labeled with a general descriptive term as opposed to individual pathway
names (see Excel Table S7 for complete list). Neither microRNAs (miRNAs) nor differentially accessible regions (DARs) were differentially expressed in 1,3-
butadiene versus control CAST/EiJ mice at an FDRof < 10% (data not shown).
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regulated upon exposure, as a regulatory hub (Figure 3B;
FDR< 10%). Notably, predicted mRNA targets of miR-150-5p
whose expression was increased by 1,3-butadiene include the glu-
curonosyltransferases Ugt1a1, Ugt1a2, and Ugt1a5, which are
involved in glucuronidation, a major detoxification reaction in phase
II metabolism.

Chromatin accessibility also changed dramatically, with
2,634 DARs identified between control and exposed C57BL/6J
mice (FDR< 10%; see also Excel Table S5). Of these, 1,533
DARs exhibited greater accessibility in control mice and were
significantly enriched for immune and signaling-related pathways
(Figure 3C), as shown at the Traf3 locus, which regulates path-
ways involved in activation of the immune response (Figure 3D)
(Häcker et al. 2011). In contrast, 1,101 DARs exhibited greater
accessibility in exposed mice and were enriched for both phase I
bioactivation and phase II detoxification pathways (Figure 3C),
such as within the glutathione S-transferase Gstp2 locus, a key
enzyme in glutathione conjugation (Figure 3D) (Board and

Menon 2013). Both sets of DARs were analyzed for transcription
factor motif enrichment in regions proximal and distal to gene
transcription start sites (see Figure S6). For DARs with increased
accessibility following exposure, we observed significant enrich-
ment of motifs for Mafk/Bach1, Dlx3 and Dbp. In contrast,
in DARs with decreased accessibility following exposure, we
detected enrichment of motifs for Egr4 and Sp1. In addition,
Sp1 showed significantly decreased expression upon exposure
(FDR=0:06; see also Excel Table S2). This result suggests that
Sp1 not only contributes to baseline differences in chromatin orga-
nization between strains (see Figure S3) but may also play a key
role in the strain-specific chromatin remodeling response to expo-
sure inC57BL/6Jmice.

Together, results from the two strains indicate that the tran-
scriptional and chromatin response of the C57BL/6J strain to 1,3-
butadiene exposure is far more pronounced than that of the
CAST/EiJ strain and that it centers on the down-regulation of
pathways related to the immune system and on the up-regulation

Figure 3. Enriched reactome pathways for differentially expressed genes in lung tissue of 1,3-butadiene–exposed versus control C57BL/6J mice. (A) Bubble
plot showing enriched reactome pathways for differentially expressed genes up-regulated in C57BL/6J control mice or up-regulated in C57BL/6J mice exposed
to 1,3-butadiene (BD) at a false discovery rate ðFDRÞ of < 10%. For each pathway, significance is represented by bubble shading, and the number of genes in
each pathway is represented by bubble size. For clarity, groups of related pathways are labeled with a general descriptive term as opposed to individual path-
way names. The top 105 pathways in either direction are shown (see Excel Table S8 for complete list). (B) miR-326-3p is a significant regulatory hub
(miRHub, FDR< 10%) and is up-regulated in C57BL/6J in response to 1,3-butadiene (BD) exposure. The predicted messenger RNA (mRNA) targets of miR-
326-3p are down-regulated in response to exposure. miR-150-5p is also a significant regulatory hub (miRHub, FDR< 10%) but was down-regulated in C57BL/
6J in response to exposure. The predicted mRNA targets of miR-150-5p were subsequently up-regulated following exposure. (C) Bubble plot showing enriched
reactome pathways for differentially accessible regions (DARs) up-regulated in C57BL/6J control or up-regulated in C57BL/6J exposed mice at an
FDRof < 10%. For each pathway, significance is represented by bubble shading, and the number of genes in each pathway is represented by bubble size. For
clarity, groups of related pathways are labeled with a general descriptive term as opposed to individual pathway names. Only the top 105 pathways in either
direction are shown (see Excel Table S9 for complete list). (D) Representative loci for DARs (asterisks) between C57BL/6J control and C57BL/6J exposed
mice.
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of pathways related to the detoxification of 1,3-butadiene and the
DNA damage response.

Strain-Specific Differences in Sp1-Mediated Regulation of
Transcriptional States in Response to 1,3-Butadiene
Our motif analyses identified Sp1 as enriched in DARs found in
the comparison between control mice of each strain, as well as in
1,3-butdiene exposure–related DARs in C57BL/6J mice. We
sought to better understand the dynamics and potential functional
associations of these regions. We identified 2,188 proximal and
149 distal DARs that were significantlymore accessible in C57BL/
6J than in CAST/EiJ and that also contained an Sp1 motif. These
C57BL/6J-enriched DARs, on average, showed decreased accessi-
bility in C57BL/6J lung upon 1,3-butadiene exposure in proximal
regions (Figure 4A), and to a lesser extent in distal regions (see
Figure S7), whereas there was no change in the same regions in the
lung of CAST/EiJmice upon exposure. In addition, as noted above,
Sp1 itself was significantly more highly expressed in C57BL/6J
than in CAST/EiJ at baseline, and expression was significantly
decreased inC57BL/6J upon exposure (seeExcelTable S2), in con-
cordance with the chromatin accessibility measures. Together,
these suggest that Sp1 has a more prominent regulatory role in
C57BL/6J that became repressedwhen these mice were exposed to
1,3-butadiene.

To better assess the downstream effects of Sp1 regulation, we
analyzed expression levels of putative target genes near DARs
containing an Sp1 motif. For 719 genes linked to one of the
2,188 proximal DARs, we found that on average, these genes
showed significantly increased expression in C57BL/6J relative
to CAST/EiJ in control mice, and they showed decreased expres-
sion in C57BL/6J and no change in CAST/EiJ upon 1,3-butadi-
ene exposure (Figure 4B). These 719 genes are enriched in
immune response pathways, such as interferon signaling, as dem-
onstrated by the interferon regulatory factor 7 (Irf7) locus (Figure
4C; see also Excel Table S9). Similarly, the 67 genes linked to
one of the 149 distal DARs were expressed more highly in
C57BL/6J at baseline and decreased in expression on exposure in
only C57BL/6J mice (see Figure S6). Together, these findings
suggest that Sp1 plays an important role in establishing the proin-
flammatory immune system state seen in clean air–exposed
C57BL/6J (but not CAST/EiJ) that may contribute to increased
DNA damage; they also suggest that the removal of Sp1 by

exposure to 1,3-butadiene is associated with a decrease in these
immune-related pathways.

Comparative Analysis of Strain-Specific, Exposure-Induced
Pathway Enrichment
The above Sp1 results suggest that 1,3-butadiene exposure may
reprogram the C57BL/6J transcriptome and chromatin landscape
such that they become more like those of CAST/EiJ. To investi-
gate this more broadly, we analyzed expression patterns across
all genes and found that the majority of genes for which expres-
sion was affected by 1,3-butadiene exposure in C57BL/6J mice
were directionally altered to more closely resemble expression
levels in CAST/EiJ mice (Figure 5A; see also Excel Table S2).
Nearly all of these genes could be divided into four groups. The
first group contained 1,757 genes that were down-regulated in
C57BL/6J upon exposure, thereby approximating the expression
profile of CAST/EiJ (Figure 5A, Group 1), and was enriched for
genes in the immune and hemostasis-related pathways (see Excel
Table S10). The second group, containing 1,534 genes up-
regulated in exposed C57BL/6J mice to better resemble CAST/
EiJ, was enriched for genes in the phase II detoxification and
DNA damage response pathways (Figure 5A, Group 2; see also
Excel Table S10). These pathway enrichments were not surpris-
ing given our previous analysis of the C57BL/6J response to ex-
posure (Figure 3A). In addition, we observed sets of 376 (Group
3) and 345 (Group 4) differentially expressed genes in exposed
C57BL/6J mice in which expression in C57BL/6J diverged in
direction compared with expression in CAST/EiJ. These genes
were also enriched for pathways related to detoxification of 1,3-
butadiene but included Phase I bioactivation pathways, which
were absent in Group 2 (Figure 5A).

The chromatin landscape of C57BL/6J was also remodeled
following 1,3-butadiene exposure to more closely mirror that of
CAST/EiJ (Figure 5B). DARs identified in C57BL/6J between con-
trol and exposed mice showed the same four patterns of change as
those occurring with gene expression, with the first group similarly
enriched for immune and hemostasis-related pathways and the sec-
ond group enriched for phase II detoxification pathways (Figure 5B,
Groups 1 and 2; see also Excel Table S10).

Taken together, these results suggest that CAST/EiJ mice are
better poised to process the DNA-reactive metabolic intermedi-
ates of 1,3-butadiene on the molecular level relative to C57BL/6J
mice. In fact, upon exposure, C57BL/6J gene expression and

Figure 4. Accessibility of Sp1 motif-containing differentially accessible regions (DARs) and expression of associated genes according to 1,3-butadiene (BD)
exposure and strain. (A) Differences in chromatin accessibility in proximal regions containing the Sp1 motif in the lung of control and 1,3-butadiene-exposed
mice of both strains (independent t-test, *p<0:05, **p<0:001) (B) Differences in messenger RNA (mRNA) level of genes associated with these regions in the
same tissues (independent t-test, *p<0:05, **p<0:001). (C) Difference in mRNA level of the immune response pathway gene Irf7, the locus for which con-
tains an Sp1 motif, following 1,3-butadiene exposure in C57BL/6J and CAST/EiJ mice.
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regulation profiles seem to migrate toward what appears to be a
more optimal cellular state that efficiently mitigates the damaging
effects of this chemical. This finding suggests a model (Figure 6)
in which differences in susceptibility to DNA damage by environ-
mental toxicants are largely dependent on the baseline activity of
key genes and the corresponding chromatin environment. When
expression and chromatin profiles are highly divergent from those
necessary to efficiently combat these chemicals, DNA will incur
increased damage as the necessary cellular reprogramming occurs.

Discussion
On a population level, environmental toxicants have serious
health and economic consequences. Similar to complex diseases,
the burden at the individual level can vary widely, and it has been
difficult to determine the source of this variability. At a molecular
level, genetic background plays a critical role in dictating an indi-
vidual’s response to the environment and his or her susceptibility
to disease. Yet, how this genetic variation intersects with the
gene regulatory landscape to modify an individual’s ability to
effectively metabolize environmental toxicants, as well as their
ability to repair DNA damage resulting from toxicant exposure,
remains an unexplored question. Our study represents a novel
investigation into the genome-wide impact of both genetic back-
ground and exposure to the environmental toxicant 1,3-butadiene
on the transcriptional and gene regulatory landscape in the mouse
lung. Although 1,3-butadiene is a well-studied, classic model
toxicant, little is known about the complexity of individual varia-
tion in response to exposure or to genotoxic carcinogens in gen-
eral. Our study represents a significant step forward in our

understanding of this complexity at a genome-wide scale.
Importantly, this work represents a new paradigm for investigat-
ing the effects of chemical or environmental exposures on the
transcriptional and regulatory landscapes in genetically diverse
individuals.

Our results reveal striking differences in the underlying chro-
matin and transcriptional landscape between two genetically di-
vergent mouse strains, CAST/EiJ and C57BL/6J, and provide
strong evidence that susceptibility to the damaging effects of 1,3-
butadiene exposure is associated with the baseline molecular state
in the lung. In particular, we found that the baseline activities of
cytochrome P450 and glutathione-S-transferase genes, key
players in the bioactivation and detoxification of 1,3-butadiene,
respectively, are increased in CAST/EiJ relative to C57BL/6J.
The increased baseline activity of detoxification pathways, as
well as those related to energy metabolism and the DNA damage
response, may better position CAST/EiJ mice to more effectively
metabolize 1,3-butadiene upon exposure and quickly repair
chemically induced DNA damage, resulting in a reduced number
of DNA adducts in this strain. Relatedly, a higher level of expres-
sion of inflammatory response genes in C57BL/6J lung than in
CAST/EiJ lung in clean air-exposed mice could be related to
DNA damage levels because increases in inflammation from ex-
ogenous agents have been shown to increase DNA damage
(Kiraly et al. 2015).

In contrast, our results indicate that C57BL/6J mice have more
active immune system–related processes than CAST/EiJ at base-
line, afinding that is consistentwithprior studies. In a studyof respi-
ratory infection by Influenza A and Severe Acute Respiratory
Coronavirus (SARS-CoV), C57BL/6J mice were shown to incur a

Figure 5.Mean-centered normalized gene expression and chromatin assembly for enriched pathways according to exposure and strain. (A) Heat map of mean-
centered normalized expression for genes that were differentially expressed in C57BL/6J mice following 1,3-butadiene (BD) exposure across all strains and
conditions. Genes are divided into four groups based on their overall pattern of expression (see Excel Table S2 for genes in each group). For clarity, signifi-
cantly enriched pathways within each group are represented by a general descriptive term (asterisks denote the significance cut-off for each pathway as
indicated on the figure) as opposed to individual pathway names (see Excel Table S10 for a complete list of pathways). (B) Heat map of mean-centered normal-
ized chromatin accessibility for regions that were differentially accessible in C57BL/6J mice following exposure across all strains and conditions. Regions are
divided into four groups based on their overall pattern of accessibility (see Excel Table S5 for regions in each group). For clarity, significantly enriched path-
ways within each group are represented by a general descriptive term as opposed to individual pathway names (see Excel Table S10 for a complete list). FDR,
false discovery rate.
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reduced viral load, demonstrate less weight loss, and display fewer
differentially expressed genes upon infection compared with
CAST/EiJ mice (H Xiong et al. 2014). Further, a separate study of
SARS-CoV infection in multiple mouse strains found that the
CAST/EiJ strain was extremely susceptible to infection (Gralinski
et al. 2015). Therefore, whereas the CAST/EiJ strain may be at an
advantage in its ability to respond to environmental toxicant expo-
sure, the C57BL/6J strain may be better poised to fight infection.
Future studies in a greater diversity of mice may also clarify
whether activity levels in detoxification and immune-related
response are generally anticorrelated.

Upon exposure to 1,3-butadiene, distinct chromatin and tran-
scriptional responses were observed in a strain-specific manner.
Notably, CAST/EiJ mice exhibited a relatively minor response to
1,3-butadiene exposure, with no overt changes in DNA damage
response or repair pathways. This finding suggests that the level
of DNA damage in CAST/EiJ is not high enough to induce DNA
damage repair activity and may be due to more efficient recogni-
tion of DNA damage and the increased expression of detoxifica-
tion genes in CAST/EiJ relative to C57BL/6J at baseline.

In contrast, exposure to 1,3-butadiene elicited a profound
chromatin and transcriptional remodeling response in C57BL/6J,
primarily characterized by a down-regulation of genes with
immune-related functions and an up-regulation of genes involved
in detoxification, DNA damage response, and DNA repair path-
ways. The down-regulation of immune-related pathways was par-
ticularly interesting because immunosuppression has been related
to carcinogenesis (Pardoll 2015) and has been reported in humans
and animals exposed to cigarette smoke (Mehta et al. 2008), pes-
ticides (Banerjee et al. 1996), and mycotoxins (Capriotti et al.
2012), all of which have genotoxic potential. Further, suppression
of T-lymphocyte production has been reported in mice that were
exposed to 1,3-butadiene (Thurmond et al. 1986), and down-
regulation of regulatory T cells has also been shown to be associ-
ated with indoor exposure to the genotoxic chemical benzene
(Herberth et al. 2014).

In addition to an overall down-regulation of immune-
related pathways in C57BL/6J following exposure to 1,3-buta-
diene, we also observed a significant up-regulation of pathways
related to the detoxification of 1,3-butadiene along with the

Figure 6. Conceptual model of strain-specific differences in gene expression and chromatin state in the lung in response to 1,3-butadiene (BD) exposure. (A)
Gene expression and chromatin accessibility of detoxification pathways, as well as those related to energy metabolism and the DNA damage response, in the
lung of unexposed CAST/EiJ relative to the lung of unexposed C57BL/6J. (B) Changes in C57BL/6J detoxification-related gene expression and regulation pro-
files after exposure to 1,3-butadiene result in a molecular state that resembles that of CAST/EiJ. miRNA, microRNA.
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large-scale chromatin rearrangements necessary to facilitate this
response. This result provides further evidence that, unlike
CAST/EiJ, C57BL/6J is not poised at baseline to effectively cope
with 1,3-butadiene exposure and therefore must dramatically
reorganize its transcriptional and regulatory landscape. Because
these molecular changes take time, C57BL/6J incurs increased
damage, as indicated by direct measurements of THB-Gua
adducts in the lung and by the observed increased activity of path-
ways related to recognition, response, and repair ofDNAdamage.

Our results indicate that the up-regulation of immune response
pathways in C57BL/6J relative to CAST/EiJ at baseline and the
down-regulation of these pathways in C57BL/6J in response to 1,3-
butadiene exposure are modulated by the transcription factor Sp1.
Specifically, our results revealed that Sp1 is more highly expressed
and that regions containing Sp1 motifs, which are significantly
enriched for immune response pathways, are more accessible in
C57BL/6J than in CAST/EiJ at baseline. Following exposure, Sp1
expressiondecreases, and regions containingSp1motifs are remod-
eled to become less accessible in C57BL/6J, thereby more closely
resembling themolecular state inCAST/EiJ.

Exposure to cadmium, a toxic heavy metal, has also been
shown to down-regulate Sp1 in rat lung epithelial cells (Watkin
et al. 2003) and in primary mouse kidney cells (Tabatabai et al.
2005). Other genotoxic chemicals have also been reported to
affect expression of Sp1 in HepG2 liver cells (Boehme et al.
2011; Magkoufopoulou et al. 2012). However, prior studies have
not evaluated the role of Sp1 in modulating the transcriptional
and chromatin landscape in response to toxicant exposure.

The changes that were observed in response to 1,3-butadiene
exposure in C57BL/6J mice resulted in transcriptomic and chro-
matin profiles that more closely resembled those of CAST/EiJ
mice. Collectively, our results indicate that the transcriptome and
gene regulatory landscape in CAST/EiJ is better poised to process
the DNA-reactive metabolic intermediates of 1,3-butadiene than
that in C57BL/6J. This was particularly evident in the significant
up-regulation of both detoxification pathways and pathways
related to energy metabolism and the DNA damage response in
CAST/EiJ relative to C57BL/6J at baseline. Interestingly, upon
exposure, C57BL/6J gene expression and regulation profiles were
directionally altered to more closely resemble the molecular state
of CAST/EiJ. These results suggest that the baseline activity of
key genes and the corresponding chromatin environment together
dictate strain-specific differences in susceptibility to chemically
induced DNA damage.

Limitations and Future Directions
The results from our study raise important questions to explore in
future investigations regarding the role of genetic divergence
in mediating susceptibility to chemically induced DNA damage.
In particular, larger-scale studies in genetically diverse popula-
tions are needed to identify specific genetic variants that contrib-
ute to interindividual differences in the baseline activity of key
genes and the corresponding chromatin landscape. Including a
larger panel of genetically diverse inbred mouse strains will pro-
vide a better understanding of the mechanisms of how genetic
variation dictates the response to and consequences of toxicant
exposure. Assessing the level of DNA damage at a range of time
points will help us better understand how quickly these molecular
changes occur, if and when adaptation in the transcriptomic or
chromatin response occurs after prolonged exposure, and how
that adaptation (or the lack thereof) may affect the amount of
damage incurred. Importantly, determining the persistence of
these changes after an initial exposure will reveal whether there
exists an epigenetic memory that may reduce the effects of future
exposures.

Conclusions
Overall, the results of our investigation highlight the differences
in response to genotoxic chemical exposure between two geneti-
cally divergent mouse strains across the transcriptome and gene
regulatory landscape. Our results emphasize the importance of
considering genetic differences in model organisms that may
influence metabolism and other underlying mechanisms of toxic-
ity, as well as that of including epigenetic end points in hazard
assessments of known and potential environmental carcinogens.
More broadly, these results suggest that interindividual variations
in tolerance to disease susceptibility from exposures may largely
depend on how prepared at a molecular level target tissues are to
efficiently mitigate the damaging effects of specific environmen-
tal agents.
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